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The generation of optical frequency combs
via direct electrical pumping of semiconductor
lasers [1–5] is an attractive alternative to the well-
established mode-locked laser sources in terms of
compactness, robustness and integrability. How-
ever, the high chromatic dispersion of bulk semi-
conductor materials [6] can prevent the genera-
tion of frequency combs [7] or lead to undesired
pulse lengthening [8]. In this letter, we present
a novel dual waveguide for intracavity dispersion
compensation in semiconductor lasers. We ap-
ply the concept to a short mid-infrared wave-
length quantum cascade laser operating in the
first atmospheric window (λ ≈ 4.6 µm). As a re-
sult, stable comb operation on the full dynamical
range is achieved in this device. Unlike previously
proposed schemes, the dual waveguide approach
can be applied to various types of semiconduc-
tor lasers and material systems. In particular,
it could enable efficient group velocity dispersion
compensation at near-infrared wavelengths where
semiconductor materials exhibit a large value of
that parameter.
Recently, novel sensing methods based on optical fre-
quency combs [9] have attracted much attention. In
particular, the dual comb configuration offers, for spec-
troscopy, the key advantage of combining high resolution
with large spectral coverage while not requiring any mov-
ing part [10]. Quantum cascade lasers (QCLs) can op-
erate as optical frequency combs [5, 11, 12] enabling the
realization of compact mid-infrared dual-comb spectrom-
eters [13–15]. The signal over noise characteristics of dual
comb spectrometers heavily depend on the linewidth and
stability of the comb devices. Recent experiments where
Gires-Tournois dielectric coatings were deposited on the
back facet of QCL devices showed the essential role of dis-
persion compensation for the improvement of the combs
bandwidth and operation stability [7, 16]. However, dis-
persion compensation by waveguide engineering [17, 18]
is preferable in terms of its capability to correct for large
amounts of dispersion, as well as its reliability and cost.
In a coupled-waveguide system, the wavelength de-
pendence of the inter-waveguide coupling through the
evanescent tails of the individual modes may lead to a
significant change of its propagation vector. In turn, the
modes of coupled-waveguides can exhibit an additional
dispersion that exceeds the one of bulk materials [19]. In
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a previous work, we found that the coupling of the laser
fundamental mode to a plasmonic resonance engineered
in the lasers top cladding can lead to efficient disper-
sion compensation in long (λ ≈ 7 µm) mid-infrared wave-
length QCLs [20, 21]. This approach cannot be applied to
shorter wavelengths where dispersion is particularly high
due to the proximity of the bandgap [22]. This is due to
the difficulty to scale the plasma frequency accordingly
(see Supplementary Fig. 1) and to the introduction of
unavoidable free carrier losses.
In the present work, we demonstrate dispersion com-
pensation by coupling the optical mode to a passive di-
electric waveguide engineered in the device top cladding.
We fabricated a QCL based on a diagonal three quantum
well design for emission at 4.6 µm [23, 24]. As seen in
Fig. 1a, the device integrates a passive InGaAs waveguide
close to the active region (see Methods for fabrication de-
tails). A Scanning Electron Micrograph (SEM) image of
the device front facet is displayed in Fig. 1b. Naturally,
each waveguide has a frequency-dependent propagation
vector. The waveguides are designed such that these two
propagation vectors are equal for a resonant frequency
ω0. At this frequency, if the two optical modes have equal
group velocity dispersion (GVD), these couple to form a
symmetric and an anti-symmetric supermode with reso-
nantly depressed (respectively enhanced) GVD that can
then be used for dispersion compensation [19]. Applying
directly such approach to a laser system leads to a funda-
mental difficulty: Since at resonance the supermodes are
equally distributed in both waveguides, lasing can occur
on the high and low GVD supermodes simultaneously.
We therefore considered a system where the two modes
of the individual waveguides have a different GVD. In
that case, using coupled mode theory, the induced GVD
(∆GVD) writes as (see Supplementary materials for the
derivation):
∆GVD+/− ' ± κ
δω2
(
ω˜2 + 1
)−3/2
(1 + αω˜) (1)
for the symmetric (+) and anti-symmetric (-) modes,
where κ is the coupling strength, ω˜ = (ω − ω0) /δω is
the normalised frequency, δω = 2κ
∣∣∣ 1ν1 − 1ν2 ∣∣∣−1 the reso-
nance bandwidth and α = 6κδω2 (D1 −D2) the asymmetry
factor. In the last expressions, νi are the group veloci-
ties and Di the GVDs of the decoupled active region
(i=1) and passive waveguide (i=2) modes. For α different
from zero, the GVD difference between the two waveg-
uides D1 − D2 induces a shift of the GVD maxima. In
turn, dispersion compensation can be achieved without
requiring that the two optical modes are in resonance.
The resulting asymmetry in the overlap factor of the two
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FIG. 1. Device cross-section. a, Schematic view of a mounted device. b, SEM picture of the fabricated device. The passive
waveguide is coloured with red while the active region is coloured in blue. c, Cut in the vertical plane of the electric field
profile of the anti-symmetric (blue line) and symmetric (red line) modes and refractive index profiles. d, Intensity profile of
the anti-symmetric mode at 2220 cm−1. e, Intensity profile of the symmetric mode at 2220 cm−1.
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FIG. 2. Simulation of the dispersion. a, Effective re-
fractive index, b, GVD as a function of frequency and c,
overlap factor for the active region (dashed blue line), pas-
sive waveguide (dashed red line), anti-symmetric (blue line)
and symmetric (red line) modes.
supermodes with the active region enables the laser to
naturally select one of the two and remain monomode.
We simulated the optical modes for various geometries
using a finite element solver (see Methods) and targeted
zero GVD at the central laser wavelength. The refractive
index profile along the growth axis of the fabricated de-
vice is displayed in Fig. 1c. The computed electric field
profile of the anti-symmetric (blue line) and symmetric
(red line) modes are also displayed, while the full two di-
mensional intensity profiles of these modes are reported
in Fig. 1d and e. These two modes result from the cou-
pling of the two distinct active region and passive waveg-
uide optical modes with GVD D1 = 1140 fs
2/mm and
D2 = 2600 fs
2/mm. The dispersion curves of the two un-
coupled modes are reported in Fig. 2a with dashed lines
while the dispersion of the coupled modes are reported
with full lines. Our simulation predicts a minimum of
the GVD close to zero at the laser operation wavelength
for the anti-symmetric mode (see Fig. 2b, shaded area)
and an overlap with the active region equal to 0.7 (see
Fig. 2c). The latter has as a result a much larger overlap
with the active region (ΓAR) than the symmetric mode
which is localized in the passive waveguide. This induces
a strong mode selection mechanism which ensures that
the device operates with high efficiency on the low GVD
anti-symmetric mode.
To confirm that the laser operates on the anti-
symmetric mode, we measured its farfield emission profile
in pulsed operation at rollover. These experimental data
(see Fig. 3a) are compared to the farfield computed from
the supermodes nearfield obtained from our 2D mode
simulation that are displayed in Fig. 3b-c. The difference
between the measured (Fig. 3a) and computed (Fig. 3c)
farfield is attributed to the presence of loss and gain in the
passive waveguide and active region, respectively, which
is not taken into account by our model.
We measured the light and voltage versus current char-
acteristics of the device while operated under continuous
3ba cSymmetric Anti-symmetricExperiment
FIG. 3. Farfield. a, Farfield emission profile of the device
measured in pulsed mode for a current of 830 mA. b-c, Simu-
lated farfield emission profile for the symmetric and the anti-
symmetric modes.
wave operation at -15 ◦C. The output power reached 75
mW at rollover (see Fig. 4a). We deduced the GVD from
the subthreshold emission spectrum [25] measured at a
current of 450 mA at -15 ◦C. The GVD is displayed in
Fig. 4b (red line). For comparison, a measurement per-
formed on a 4.5 mm long reference device without the
additional passive waveguide (see Methods for fabrica-
tion details and Supplementary Fig. 2 for full charac-
terization) is also displayed (blue line). For the reference
device, a GVD as large as 740 fs2/mm is deduced at 2200
cm−1, while for the device including the passive waveg-
uide a GVD of only 50 fs2/mm is deduced at 2200 cm−1.
This confirms that the coupling to the passive waveg-
uide reduced the dispersion of the device (∆GVD = -690
fs2/mm).
To characterize the coherence of the optical spectrum
we measured the intermode beatnote of the device di-
rectly from the laser bias current using a RF spectrum
analyzer [13] with a resolution bandwidth (RBW) of 500
Hz. Narrow beatnotes with full width at half maximum
(FWHM) less than 500 Hz were measured on the whole
dynamical range (see Fig. 4c and Supplementary Fig. 3).
The intermode beatnote frequency tuned smoothly with
current at a rate of -0.13 GHz/A, similar to values re-
ported in Bidaux et al. [20]. At a current of 830 mA the
intermode beatnote has a FWHM ' 411 Hz (Fig. 4d) and
the optical spectrum spans 40 cm−1 (see Fig. 4e). Such
narrow and stable beatnotes have up to now always been
observed in QCLs operating in comb regime.
Nevertheless, to demonstrate that the devices actu-
ally operate as frequency combs, we measured the mul-
tiheterodyne beating spectrum of two HR coated 4 mm
devices at -20 ◦C. The first device current was set to
600 mA while the second device current was set to 460
mA. The optical beams were combined and focused on a
MCT detector and the signal was recorded using an os-
cilloscope. The total acquisition time was 40 ms and the
signal was averaged with a single acquisition time of 3.3
µs using the method detailed in Villares et al. [13]. The
resulting spectrum is displayed in Fig. 4f. Ninety three
distinct comb lines are observed. Since the free spec-
tral range of the combs is approximately 0.39 cm−1, this
corresponds to an optical span of 38 cm−1 and demon-
strates that the devices operate as frequency combs on
Comb regime
Single mode regime
Optical span = 38 cm-1
I = 830 mA
I = 830 mAFWHM = 411 Hz
RBW = 500 Hz
Single Waveguide
Coupled Waveguide
a b
c
d
e
f gsingle acquisition time = 3.3 µs
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FIG. 4. Frequency combs characterization. a, Light and
voltage versus current characteristics of the device measured
at -15 ◦C in continuous wave. b, GVD measured at -15 ◦C for
a current of 450 mA for the device (red line) and for a current
of 265 mA for the reference device (blue line). c, Intermode
beatnote frequency (blue) and FWHM (red) as a function of
current measured at -15 ◦C with a resolution bandwidth of
500 Hz. d, Intermode beatnote measured at -15 ◦C for a cur-
rent of 830 mA. e, Optical spectrum measured in continuous
wave at -15 ◦C for a current of 830 mA. f, Multiheterodyne
beating spectrum of the two frequency combs. 93 distinct
comb lines can be seen corresponding to an optical span of 38
cm−1. g, The FWHM of one line is 1.26 MHz.
the whole spectral bandwidth. The FWHM of one line is
1.26 MHz (see Fig. 4g), this directly shows the suitability
of these devices for dual-comb spectrometers in the first
atmospheric window.
In conclusion, we presented a dual coupled-waveguide
design for dispersion compensation in semiconductor
lasers and demonstrated its application to a quantum cas-
4cade laser. The fabricated devices operate as frequency
combs on the whole spectral bandwidth and dynamical
range. Unlike previously demonstrated integrated disper-
sion compensation methods, the dual waveguide scheme
can be applied to various types of semiconductor lasers
and material systems. Moreover, it allows to correct for
GVD values up to a few thousand fs2/mm. This suggests
that this design strategy could enable the development
of high performance semiconductor laser based optical
frequency combs from the long mid-infrared to the near-
infrared wavelengths ranges. Actually, an interband laser
waveguide design that is computed to be dispersion com-
pensated at 1.3 µm is proposed in the supplementary
material.
METHODS
Devices fabrication
The active region of the device including coupled-
waveguides was grown by molecular beam epitaxy using
the InGaAs/AlInAs material system on an InP:Si (2 x
1017 cm−3) substrate. The active layers were placed be-
tween two 100 nm thin layers of Si-doped InGaAs (6 x
1016 cm−3). The exact layers sequence of the QCL is
detailed in Yang et al. [23]. The device was processed to
a buried heterostructure QCL. A 4.4 µm wide ridge was
etched by wet-etching technique and a lateral InP:Fe in-
sulating layer was grown by metalorganic vapour phase
epitaxy (MOVPE). The top cladding layers were then
grown by MOVPE and include an InGaAs waveguiding
layer. The top cladding layers sequence is 0.5 µm InP:Si
1 x 1017 cm−3, 1.2 µm InP:Si 1 x 1016 cm−3, 1 µm In-
GaAs:Si 1 x 1016 cm−3, 1.6 µm InP:Si 1 x 1016 cm−3,
0.4 µm InP:Si 2 x 1017 cm−3, 0.4 µm InP:Si 3 x 1018
cm−3. A second 6.7 µm wide ridge was etched in the
cladding by wet-etching and a lateral InP:Fe insulating
layer was grown by MOVPE. For the reference device the
top cladding layers sequence is: 0.42 µm InP:Si 1 x 1017
cm−3, 2.5 µm InP:Si 1 x 1016 cm−3, 0.85 µm InP:Si 1 x
1018 cm−3. Devices were mounted episide down on AlN
submounts.
Optical mode simulation
We performed two-dimensional finite-element simula-
tions of the waveguide structure using the commercially
available software Comsol Multiphysics. The intrinsic re-
fractive indices were obtained from Pikhtin and Yas’kov
formula using the parameters given in Palik and Ghosh
[6]. The doped refractive indices are deduced using Drude
model. We assume a collision time of 100 fs and effective
masses of 0.073 me for InP and 0.043 me for InGaAs.
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2PLASMA FREQUENCY
The plasma frequency [1] is shown as a function of the carrier density for InP and InGaAs in Supplementary Fig.
1. To fabricate a dispersion compensated QCL frequency comb based on a plasmon enhanced waveguide at 4.6 µm
the doping concentration of the plasmonic layer should be increased to more than 1020 cm−1 which cannot be realised
in practice. Therefore, for short infrared wavelengths this approach cannot be used.
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FIG. 1. Plasma frequency: Plasma frequency as a function of the carrier density for InP and InGaAs.
COUPLED MODE THEORY
A model describing the dispersion of coupled waveguides and based on the coupled mode theory was proposed by
Peschel et al. [2] The decoupled active region (i=1) and passive waveguide (i=2) modes have propagation constants
β1,2, group velocity ν1,2 and GVD D1,2. The propagation vectors can be expanded around the frequency ω0 at which
the propagation vectors are phase matched as
βi (ω) = β0 (ω) + (ω − ω0) 1
νi
+
1
2
(ω − ω0)2Di. (1)
The modes of the coupled system are given by the eigensolutions of the matrix M:
da
dz
= −Ma = −
(
δ κ
κ −δ
)
·
(
a1
a2
)
, (2)
with δ = (β1 − β2) /2, ai the amplitudes of the modes and κ the coupling constant between the two modes. The
two optical modes couple to form two symmetric (+) and anti-symmetric (-) supermodes with propagation constants
given by:
β± =
1
2
(β1 + β2)±
√
κ2 + (β1 − β2)2 /4. (3)
If the modes have the same GVD (GVD0), defining ω˜ =
(ω−ω0)
δω where δω = 2κ
∣∣∣ 1ν1 − 1ν2 ∣∣∣−1 one gets
β
′
+/− =
1
2
(
1
ν1
+
1
ν2
)
+ (ω − ω0)GVD0 ± κω˜
δω
(
ω˜2 + 1
)1/2
(4)
and
β
′′
+/− = GVD0 ±
κ
δω2
[(
ω˜2 + 1
)−1/2 − ω˜2 (ω˜2 + 1)−3/2] = GVD0 ± κ
δω2
(
ω˜2 + 1
)−3/2
(5)
3and the GVD of the supermodes is
GVD+/− = GVD0 ± 1
4κ
(
1
ν1
− 1
ν2
)(
ω˜2 + 1
)−3/2
. (6)
The GVD induced by the coupling (κ) is positive for the symmetric mode and negative for the anti-symmetric mode.
At ω0 the induced GVD is maximal and equals
GVDpeak+/− = GVD0 ±
1
4κ
(
1
ν1
− 1
ν2
)2
. (7)
If the two modes now have a dissimilar GVD, the solution is given by
GVD+/− =
1
2
(D1 +D2)
±
−κ2ω˜2
[
(ν1 − ν2)2 + 2 (D1 −D2) ν21ν22κω˜
]2 [
(ν1 − ν2)2 + (D1 −D2) ν21ν22κω˜
]
ν21ν
2
2 (ν1 − ν2)6
(
1 + ω˜
2
(ν1−ν2)4
[
(ν1 − ν2)2 + (D1 −D2) ν21ν22κω˜
]2)3/2
±
[
(ν1 − ν2)2 + (D1 −D2) ν21ν22κω˜
]2
ν21ν
2
2 (ν1 − ν2)2 κ
√
1 + ω˜
2
(ν1−ν2)4
[
(ν1 − ν2)2 + (D1 −D2) ν21ν22κω˜
]2
±
2 (D1 −D2) ω˜
[
(ν1 − ν2)2 + (D1 −D2) ν21ν22κω˜
]
(ν1 − ν2)2 κ
√
1 + ω˜
2
(ν1−ν2)4
[
(ν1 − ν2)2 + (D1 −D2) ν21ν22κω˜
]2 . (8)
One can express the full solution under the form of equation 6 by reorganizing the terms. One gets
GVD+/− = GVD0 ± 1
4κ
(
1
ν1
− 1
ν2
)(
C1 · ω˜2 + 1
)−3/2 · C2, (9)
where the functions C1 and C2 contains the terms that depend on D1-D2:
C1 =
B2
(ν1 − ν2)4
, (10)
C2 =
4ZB +B2 + Z2 + 2ω˜2ZB3
(ν1 − ν2)4
, (11)
with
B = Z + (ν1 − ν2)2 (12)
and
Z = (D1 −D2)κω˜ν21ν22 . (13)
One can expand C1 and C2 around ω = ω0 to the first order and get
C1 ' 1, (14)
C2 ' 1 + αω˜. (15)
Finally, we obtain
GVD+/− ' GVD0 ± 1
4κ
(
1
ν1
− 1
ν2
)(
ω˜2 + 1
)−3/2
(1 + αω˜) . (16)
The introduction of a GVD difference between the two waveguides has the effect to shift the GVD peaks away from
ω0 by the introduction of an asymmetric factor which is given by
α =
6κ
δω2
(D1 −D2) . (17)
4OPTICAL FREQUENCY COMBS CHARACTERIZATION
Supplementary Fig. 2 shows the optical spectra measured from the reference device for a heatsink temperature of
-15◦C for a current of 555, 565, 583 and 650 mA as well as the corresponding intermode beatnotes measured using
a spectrum analyser with a RBW of 500 Hz. We choose this resolution bandwidth as a good compromise between
resolution and acquisition time, to limit the influence of the drift during the measurement. Note that the results
measured in Hugi et al. [3] were obtained using a real-time spectrum analyser, not a scanning instrument used here.
At high currents the intermode beatnote is broad. Moreover, no multiheterodyne beating spectra could be measured
from the device. This suggests that the reference device is not operating as an optical frequency comb.
a
b
c
d
e
f
g
h
I = 555 mA
I = 565 mA
I = 583 mA
I = 650 mA
FIG. 2. Reference laser characterization. a-d, Optical spectra measured for the reference device at a heatsink temperature
of -15◦C for a current of 555, 565, 583 and 650 mA. e-h Corresponding intermode beatnotes measured using a spectrum analyser
with a RBW of 500 Hz.
Supplementary Fig. 3 shows the optical spectra measured from the coupled waveguide device for a heatsink temper-
ature of -15◦C for a current of 720, 760, 800 and 830 mA as well as the corresponding intermode beatnotes measured
using a spectrum analyser with a RBW of 500 Hz.
5a
b
c
d
e
f
g
h
I = 720 mA
I = 760 mA
I = 800 mA
I = 830 mA
FIG. 3. Dual waveguide laser characterization. a-d, Optical spectra measured from the coupled waveguide device at a
heatsink temperature of -15◦C for a current of 720, 760, 800 and 830 mA. e-h Corresponding intermode beatnotes measured
using a spectrum analyser with a RBW of 500 Hz.
6DUAL WAVEGUIDE FOR QUANTUM-DOT LASERS
We propose a dual waveguide for GaAs/AlGaAs quantum-dot lasers. The proposed core waveguide is composed of
a 643 nm thick layer Al0.15Ga0.85As. The core waveguide is placed in between two Al0.35Ga0.65As 1520 nm cladding
layers (Si doped n=1017 cm−3 and C doped p=1018 cm−3). A 360 nm passive GaAs waveguide is placed in the upper
cladding layer at a distance d=700 nm from the primary core waveguide. The vertical refractive index profile in
the device along the growth axis is displayed in Supplementary Fig. 4a. The computed electric field profile of the
anti-symmetric (blue line) and symmetric (red line) modes are also displayed, while the full two dimensional intensity
profiles of these modes are reported in Supplementary Fig. 4b and c.
In Supplementary Fig. 5a, the dispersion curves of the two uncoupled modes are reported with dashed lines while
the dispersion of the coupled modes are reported with full lines. Our model predicts a GVD close to zero at the
laser wavelength for the anti-symmetric mode (see Supplementary Fig. 5b). The anti-symmetric mode has a higher
overlap factor with the active region while the symmetric mode is localized primarily in the GaAs waveguide. In that
case, mode selection results from the overlap with the active region which is larger for the anti-symmetric mode (see
Supplementary Fig. 5c).
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FIG. 4. Device cross-section. a. Cut in the vertical plan of the respective refractive index profile and electric field profile of
the anti-symmetric (blue line) and symmetric (red line) modes. b, Intensity profile of the anti-symmetric mode at 8600 cm−1.
c, Intensity profile of the symmetric mode at 8600 cm−1.
7Active region mode
Passive waveguide mode
Anti-symmetric mode
Symmetric mode
a
b
c
FIG. 5. Simulation of the dispersion. a, Spectrally resolved dispersion and b, GVD of the optical modes. c, Overlap factor
with the active region.
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